Asymmetric Dark Matter Bound State by Bi, Xiao-Jun et al.
Asymmetric Dark Matter Bound State
Xiao-Jun Bi,1, ∗ Zhaofeng Kang,2, † P. Ko,2, ‡ Jinmian Li,2, 3, § and Tianjun Li4, ¶
1Key Laboratory of Particle Astrophysics, Institute of High Energy Physics,
Chinese Academy of Sciences, Beijing 100049, P. R. China
2School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea
3ARC Centre of Excellence for Particle Physics at the Terascale,
Department of Physics, University of Adelaide, Adelaide, SA 5005, Australia
4 Institute of Theoretical Physics, Chinese
Academy of Sciences, Beijing 100190, P. R. China
(Dated: June 30, 2017)
1
ar
X
iv
:1
60
2.
08
81
6v
3 
 [h
ep
-p
h]
  2
9 J
un
 20
17
Abstract
We propose an interesting framework for asymmetric scalar dark matter (ADM), which has novel
collider phenomenology in terms of an unstable ADM bound state (ADMonium) produced via Higgs
portals. ADMonium is a natural consequence of the basic features of ADM: the (complex scalar)
ADM is charged under a dark local U(1)d symmetry which is broken at a low scale and provides a
light gauge boson X. The dark gauge coupling is strong and then ADM can annihilate away into
X-pair effectively. Therefore, the ADM can form bound state due to its large self-interaction via X
mediation. To explore the collider signature of ADMonium, we propose that ADM has a two-Higgs
doublet portal. The ADMonium can have a sizable mixing with the heavier Higgs boson, which
admits a large cross section of ADMonium production associated with bb¯. The resulting signature
at the LHC depends on the decays of X. In this paper we consider a case of particular interest:
pp→ bb¯+ ADMonium followed by ADMonium→ 2X → 2e+e− where the electrons are identified
as (un)converted photons. It may provide a competitive explanation to heavy di-photon resonance
searches at the LHC.
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I. INTRODUCTION
Among a large number of models for dark matter (DM), ADM is one of the most attractive
one because it provides a way to quantitatively relate the relic densities of dark and visible
matters [1, 2]. Originally, it was proposed to understand their coincidence, namely ΩDMh
2 :
Ωbh
2 ≈ 5 : 1 [3]. More widely, ADM takes advantage in explaining DM relic density in a way
insensitive to the strength of couplings involved in DM annihilating [4]: It merely requires
a sufficiently large cross section of DM-antiDM annihilating instead of a certain value.
Asides from the origin of ADM asymmetry that is beyond the scope of this paper, there
are two ingredients for constructing an ADM model: A continuous symmetry U(1)d under
which ADM is charged and a large DM-antiDM annihilation cross section to remove the
symmetric part. A natural option is considering a dark sector which has a gauged U(1)d
with a strong gauge coupling gd. The actual dark matter number may not be gauged, but
in the effective model the gauged U(1)d at least guarantees that DM is not self-conjugate.
Moreover, U(1)d spontaneously breaks at a low scale, giving rise to a light massive dark gauge
boson X into which ADM can annihilate. Additionally, the dark gauge interaction leads
to ADM self-interaction, which may be good news for addressing the small scale problem;
the N−body simulation of DM halos shows several discrepancies with the observations and
they may be resolved by DM with large self-interaction [5]. 1
In this paper we point out that as a consequence of the above setup ADM can form bound
state ADMonium, which may leave appreciable signals at the LHC, provided that ADM has
sizable coupling to the Higgs sectors, says a 2HDM Higgs sector in this paper. ADMonium
dominantly decays into a pair of X, so the concrete signal depends on the decay of X into
the standard model (SM) particles. We propose the fake di-photon signal, which arises when
both the properly boosted X decay into the displaced e+e− pair. A detector simulation of
such a phenomenon is furnished and model realization is provided, based on the kinematic
mixing between X and gauge boson of the gauged lepton number U(1)`. Our study provides
an alternative interpretation to the di-photon resonance searches at the LHC. Based on the
latest data, we investigate the LHC sensitivity to the ADMonium behaving as a di-photon
resonance.
1 For a concrete example of local dark gauge symmetry for large self-interaction, see Ref. [6] where complex
scalar dark matter with local Z3 was discussed and compared with global Z3 model.
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The paper is organized as the following. In Section II we introduce the model. In Section
III we present aspects of ADMonium. In Section IV we explore fake photon at LHC. Section
V contains the discussion and conclusion.
II. ASYMMETRIC DARK MATTER WITH A 2HDM HIGGS PORTAL
A. The (effective) model setup
In this paper we are interested in a scalar dark matter field χ which, compared to the
fermionic DM, possesses special superiority in interactions with the visible sector since it
can always couple to the Higgs sector at the renormalizable level via the Higgs-portal term
|χ|2|Φ2|2 where Φ2 denotes the Higgs doublet in the SM. But here we would like to consider
an extension to the SM Higgs sector by an extra Higgs doublet Φ1, i.e. the popular two-
Higgs doublet models (2HDM). We will see that such an extension provides a new way to
probe the dark sector at LHC (see other ways [7–9]). For the purpose of LHC search, the
ADM mass (mχ) is assumed to be ∼ O(100) GeV, giving rise to a fairly heavy ADMonium;
but a generation to other mass scale is straightfoward. 2
To be specific, the effective interacting Lagrangian for the scalar ADM with a Higgs-portal
is
−Lint = igdχ∗←→∂ µχXµ + g2d|χ|2XµXµ + ηi|χ|2|Φi|2 + 2η12|χ|2Re(Φ†1Φ2) + V (Φ1,Φ2), (1)
We decompose the CP-even parts of Φi as Re(Φ
0
i ) = vi + hi/
√
2 with
√
v21 + v
2
2 = 174 GeV.
Through the kinetic mixing term, the U(1)d gauge boson Xµ slightly mixes with the gauge
boson of U(1)`, the local lepton number (We are working in the family universal case, but
` can be flavor dependent.),
−Lint = −1
4
FX,µνF
µν
X −
1
4
FL,µνF
µν
` −

2
F µν` FX,µν +
m2X
2
XµX
µ +
m2`
2
LµL
µ, (2)
2 Light dark Higgs case Before closing, let us make a comment on the light dark Higgs case. Let us
denote the dark Higgs by φd, which gives dark gauge boson X mass after U(1)d symmetry breaking. If
dark Higgs hd is light enough (say, mhd . 2me which may be rather a constrived condition ), it will have
a large branching ratio for the diphoton final state. Then the dark Higgs portal |φd|2|Φ1|2 term will make
h1 → hdhd which could be the main decay mode of h1. This scenario itself could be interesting, but has
nothing to do with AMDonium, and we do not consider further in this paper.
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with m2X  m2` . On the other hand, the mixing with the SM U(1)Y hypercharge gauge
boson is totally negligible. We will explain the reason for such a setup later. After the
rotation Lµ → Lµ − Xµ and Xµ → 1/
√
1 + 2Xµ, we go to the canonical mass basis where
the kinetic mixing term is eliminated. Eventually, X couples to SM leptons, i.e., the lepton
number current J` [10]:
−LX = g`XµJµ` with Jµ` = QfLf¯LγµfL +QfRf¯RγµfR, (3)
where QfL,R is the lepton number of fermion fL/R and g` is the gauge coupling of U(1)`,
which is a free parameter and can be absorbed into .
Comments on generalizations of the above setup are in orders. First, a fermionic ADM
can be accommodated in the presence of a singlet Higgs field in the Higgs sector. Second,
we choose a massive gauge boson as the force mediator, but a light Higgs boson can also
play the role. However, the couplings of the scalar force mediator to SM particles are model
dependent, for instance, to di-photon via a charged loop. Third, to avoid the Landau pole
problem for U(1)d, one may consider a non-Abelian dark gauge symmetry like SU(N) which
is completely broken down at a low scale and behaves as a global charge for ADM.
B. Bounds from DM direct detections and others
Although ADM leaves no signals in indirect detections except for some special scenar-
ios [11–13], it leaves sufficient hints in direct detections in the scenario under consideration.
As a matter of fact, the ADM-nucleon spin-independent (SI) scattering rate induced by the
Higgs portal tends to exceed the upper bound set by the latest DM direct detection experi-
ments such as LUX [14] and PandaX-II [15]. On the other hand, the production of D and the
ADM-nucleon SI scattering by exchanging h1 are positively correlated via (mh1 , η12, tan β),
so DM direct detections are able to impose stringent bounds on the fake di-photon rate from
ADMonium.
ADM interacts with the visible sector via the 2HDM-portal and X-portal. For simplicity,
we consider only the η12 term among three Higgs portal terms. It generates both h1,2−χ−χ∗
couplings, but the moderately heavier Higgs h1, because of its tan
4 β enhancement, always
dominates over the SM-like Higgs boson h2 in the large tan β limit. Then the DM-nucleon
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SI scattering cross section can be simply written as [16, 17]
σpSI =
m2pa
2
n
pi
with an ≈ 0.22mn
mD
η12
m2h1
tan βO212, (4)
where the mixing factor O12 ∼ 1 will be defined later. For a DM near 100 GeV, currently
LUX yields the strongest upper bound on σpSI . 10−10 pb [14]. We parameterize the cross
section to be
σpSI = 1.2× 10−9
(
500GeV
mD
)6(
tan βη12
2
)2(
O12
0.95
)4
pb, (5)
where we have assumed close masses between mh1 and mD so that the ADMonium-h1 mixing
angle can be enhanced. As one can see, a relatively light ADM does not admit a large
tan βη12  1 which can increase the production rate of D; see Fig. 3.
At tree level, X does not mediate ADM-nucleon SI scattering, which is the reason why
we chose the kinematic mixing between U(1)d and U(1)` rather than U(1)Y . Otherwise, the
latter mixing will contribute to SI scattering with cross section
σp,XSI =
m2p
pi
g2 sin2 2θw
4
g2d
2
Y
4
1
m4X
≡ m
2
p
m4X
ˆ2Y αd
=4.0× 10−9pb
(
ˆY
10−8
)2(
1GeV
mX
)4
αd
0.1
. (6)
This scattering rate is greatly enhanced by 1/m4X , so ˆY should be extremely small to avoid
direct detection exclusion. Consequently, we will see that it is impossible to make X, which
decays too slowly, mimic photon; see plots in Fig. 2.
However, at loop level the charged leptons, which are charged both under U(1)` (thus un-
der U(1)d with mini charge proportional to ) and QED, generate kinematic mixing between
Xµ and photons. The strength is estimated to be [18]
′ ∼ egL
16pi2
log
me
mτ
. (7)
Replacing ˆY with 
′ in Eq. (6), combining with Eq. (20), it is seen that ′ is near exclusion
if we want to keep PX as high as possible; moreover, mX is favored to lie in the GeV scale.
Note that for the X-mediating case, ADM interacts with nucleons in an isospin-violating
manner [17], i.e., with proton only [19]. This allows a substantial deconstructive interference
effect between the two contributions Eq. (5) and Eq. (6) [17], which may help to relax the
bound. But that scenario is out the scope of this paper.
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Laboratory searches for a light but leptonic dark gauge boson X do not raise much
concern for the typical strength of gL ∼ 10−6 and typical mass mX ∼ O(GeV), which can
be seen from a specific study [20]. As a matter of fact, the strictest constraint is imposed
by stellar objects for mX . 1 GeV. For instance, in supernova (SN) the Xµ mediated
annihilation e+e− → νLν¯L with neutrinos escaping contributes to the cooling process of SN,
which imposes a very strict upper bound on gL. If gL becomes larger and leads to trapping
of neutrinos inside the SN, the previous bound is invalid. This gives an additional bound
which allows the region above that limit. In terms of the exclusion region shown in Ref. [20],
we find that although not a definite exclusion, the SN constraint will be in strong tension
with the dark photon scenario for mX . 1GeV. Therefore, in this paper we will focus on
the region mX & 1 GeV.
III. ADMONIUM
In this section we will present the mechanism of ADM bound state formation, its mixing
with Higgs bosons and its decays.
A. Formation of ADMonium
The force mediator X leads to the formation of bound state for a pair of DM and an-
tiDM with center-of-mass of energy near the threshold mD ≡ 2mχ; it is dubbed as AD-
Monium, unstable and distinguishable from the previous studies focusing on stable ADM
bound state [11], e.g., the dark atom bounding two different species. To study the basic
properties of ADMonium D, the starting point is the attractive Yukawa potential (or the
static screened Coulomb potential [21]) between two ADM
V (r) = −αX
r
e−mXr, (8)
with αX > 0 for the DM and anti-DM system. However, one has αX < 0 namely a repulsive
potential for the DM and DM or antiDM and antiDM system. If the self-interaction involves
dimensionless couplings gd such as gauge coupling and Yukawa coupling, one has αX =
g2d/4pi from the single X exchange diagram. For a scalar ADM χ, DM self-interaction also
arises from massive coupling like A|χ|2S, with S being some scalar (the SM Higgs boson
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or additional candidate) and then αX = |A|2/(16pim2χ) [22] (always positive). Perturbative
bound requires αX < 1; an even stronger upper bound will be derived.
Then one can solve the eigenvalues and corresponding eigenstates of the Schro¨dinger
equation with this potential. The eigenstates are labelled by (n, l) with n and l denoting
the radial and the orbital angular quantum numbers, respectively. In this paper we will
focus on the case l = 0, i.e., the ns state having wavefunction ψn(~x) =
1
2
√
pi
Rn(r) with Rn(r)
the radial wavefunction. For our purpose, the wavefunction at zero separation ψn(0) is of
interest. In the Coulomb limit, its square takes the form of
|ψn(0)|2 = 1
n3
1
pia30
=
1
n3
α3Xm
3
D
64pi
, (9)
where a0 = 2/(αXmχ) is the Bohr radius of the χ pair system; it is the mean size of the
ground state 1s. The mass of the ns state is mDn = mD − En with En the binding energy
En =
n
8
mDα2X D  1−−−−→
1
8n2
mDα2X , (10)
where D = m−1X /a0 measures how the χ pair system is Coulomb-like. D  1 is the Coulomb
limit where the range of the interaction is much larger than the typical size of the 1s state.
If D is close to 1, n will be much suppressed compared to the asymptotic value 1/n
2; for
instance, for 1s it reduces to merely 0.02 as D = 1 [21], resulting in a loose bound state.
For αX  1, the mass splittings among different radial exciting states are negligible. Even
though α2X ∼ 0.1, the widest mass splitting is still just . 0.01mD.
There are a few conditions for the existence of at least one bound state, 1s. In the first,
1/mX , the screening length that characterizes the range of the interaction, should be at least
longer than the Bohr radius; more concretely, one requires D & 0.84 [21]. Immediately, we
have mX . αXmχ/1.68 and thus the mediator should be lighter than χ. Second, the lifetime
of ADMonium ns should be longer than the time for ADMonium formation, i.e., the decay
width ΓD is smaller than the corresponding binding energy [23]:
2ΓD < En  mD
2
, (11)
where the second inequality is for the sake of reliability of non-relativistic approximation
which always holds for αX < 1. After using Eq. (17) one can see that the first inequality
imposes an upper bound on self-interaction coupling: αX < (n/4)
1/3 ' 0.6 for 1 = 1. A
smaller D yields a smaller upper bound on αX , for instance, 0.17 for D = 1. In this paper
we consider the case where D  1 holds.
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B. ADMonium-Higgs mixing
To study the collider phenomenology of ADMonium, we should figure out its production
and decay. At the LHC, a pair of free dark states can be produced and then they have
certain probability to bound together near the threshold mD. We consider the production
mechanism of ADMonium by virtue of its mixing with the SM Higgs field after electroweak
symmetry breaking.
Let us begin with a most general pattern of mixing. In the basis ΦT = (h1, h2,D), the
three by three mass2 matrix for three scalar bosons takes the form of
M2φ =

m211 m
2
12 δm
2
1D
m222 δm
2
2D
m2D − iΓDmD
 , (12)
a symmetric matrix. We have included the width of ADMonium before mixing, which may
be relevant in the case of extremely degenerate between darkonimum and Higgs bosons.
The Higgs bosons are always assumed to be narrow resonances. The states in the mass
eigenstates are labelled as HT = (H3, H2, H1) with masses in descending order; they are
related to Φ by the orthogonal matrix O: Φ = OH.
The first two by two block of M2φ, determined by the routine procedure in dealing with
the Higgs potential, is not our focus. We focus on the off-diagonal elements, which are given
by (with v1,2 defined below Eq. (1))
δm21(2)D = 2
|ψ(0)|√
mD
(
η1(2)v1(2) + η12v2(1)
)
, (13)
where we focus on the 1s state of ADMonium since the production of the excited state is
suppressed by 1/n3. To determine these mixing terms, we first calculate the bound state
production from gg → χχ∗ mediated by a Higgs boson, using the conventional way; then
we instead use the mixing formalism and they should give the identical results. In this way
one can gain the above expression.
It is illustrative to consider the limits where only one Higgs-portal matters. We first
consider the usual case, the (SM Higgs doublet) Φ2-portal. The mixing angle is given by
sin θ2D ≈ α
3/2
X
4
√
pi
η2vmD
m2D −m2h2 − iΓDmD
. (14)
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For an ADMonium much heavier than mh2 , one has sin θ ∝ v/mD  1; in the opposite,
the mixing will be suppressed by mD/mh2 . For safety, one may need to consider the region
mχ > mh2/2. Typically, a fairly large αX close to the perturbative limit is required to lift
the mixing angle. Nevertheless, for mh2 ' mD, it still can be of order 0.1 even for a relatively
small αX ∼ 0.1.
Now we move to the more interesting case in this paper, the Φ1-portal. The type-II 2HDM
has the feature that the associated production h1bb¯ is enhanced by large tan β = v2/v1.
Consequently, once ADMonium strongly mixes with h1, the process pp → Dbb¯ will be a
promising way to produce D. The h1 − D mixing originates from the η12-term and we can
get the expression of mixing angle similar to Eq. (14). Again, substantial mixing happens
only in the presence of more or less degeneracy between h1 and D:
sin θ1D ≈ 0.15
(αX
0.3
) 3
2
(η12
1.0
) (500GeV)2 − (480GeV)2
m2D −m2h1
. (15)
The current LHC searches for extra heavy Higgs bosons decaying into ττ in the type-
II 2HDM imposes a stringent constraint on the mh1 − tan β plane [24]; for instance, for
mh1 = 500 GeV, tan β & 30 has been excluded at the 2σ level. However, in our paper this
constraint can be relaxed. The reason is that h1 may decay into the dark sector particles
such as dark Higgs boson, by which Br(h1 → τ+τ−) can be lowered substantially. Thus in
this paper we will not incorporate this constraint.
C. ADMonium annihilate decay
Although the constitute is sufficiently stable, the bound state can annihilate decay. In
general, the width of D → X1X2 is formulated to be [25]
ΓD(X1X2) =
1
2mD
1
1 + δAB
∫
dΠ2
2
mD
|Manni|2|ψ(0)|2
≡ 1
1 + δAB
|ψ(0)|2
m2D
Wanni(s), (16)
with δAB the statistic factor. Thus, ADMonium decay is related with the annihilation of
the free DM pair.
ADMonium decays in three ways: (i) Into a pair of force mediators, which typically is
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dominant because of a large αX . The decay width is estimated as follows
3
ΓD(XX) ≈ 0.17
(αX
0.3
)5 ( mD
500GeV
)
GeV , (17)
taking a massless X. (ii) Into the SM particles through its h1,2 composition, but they are
suppressed by either mixing or Yukawa couplings; (iii) Into the Higgs boson pairs via the
Higgs-portal terms, and they are sizable only if the decay is kinematically accessible. In
summary, it is reasonable to take BrD(XX) ≈ 100%.
IV. ADMONIUM WITH FAKE DI-PHOTON SIGNAL
Heavy di-photon resonances appear in a lot of models beyond SM, in particular those
involving extended Higgs sectors. At the same time, they can be well searched at the
LHC due to the suppressed backgrounds. Therefore, they are the centeral topics both in
the CMS and ATLAS collaborations. However, an experimentally observed di-photon may
not imply a resonance with two-body decaying into a pair of photon [26–28]: A light and
boosted intermediate particle which decays into a pair of collimating e+e− pair, says X in
this paper, can be misidentified as a (un)converted photon [29, 30]. Thus, we can apply
results from di-photon searches to see the prospect of dark sector specified by Eq. (1) and
Eq. (3). Additionally, our study may provide an alternative candidate for possible di-photon
excess in the future.
A. Di-photon signal without photons
Let us explain the emergence of a fake photon from X → e+e− with more details. The
main idea is illustrated in the schematic diagram Fig. 1. Several conditions are in orders:
(1) Because photons can only be converted in the tracker when interacting with material,
the flying X should at least reach the pixel detector before decaying away, i.e., we should
require LX sin θX > 33.25 mm [31] with θX and LX the polar angle and decay length of
X, respectively; (2) To mimic a converted photon, X should decay within the radius of 800
3 The corresponding cross section of DM-antiDM annihilation is huge: 〈σv〉XX ≈ 8piα
2
X
m2D
≈ 1.6 × 103 ×(
αX
0.3
)2 ( 750GeV
mD
)2
pb.
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mm [32] away from the interaction point (to have sufficient number of hits on the tracker) but
within the radius of [800 mm, R] with R = 1500 mm the size of electromagnetic calorimeter
(ECAL), in order to mimic an unconverted photon; (3) The e+ and e− from the massless
photon conversion have a small separation angle, as means that their distance at the ECAL
layer is very small. Hence, conservatively we require that the reconstructed momentums of
e+ and e− from X decay pointing to the same cell in ECAL. From Fig. 1 one can calculate
their distance
d ≈ (R/sin θX − LX) δθ, (18)
where δθ ∼ mX/pT,X is the angular separation between two electrons. Taking the ATLAS
detector parameter for illustration, 0 < d . 37.5 mm (corresponds to ∆η = 0.025 granularity
of the ECAL [32]) is required.
Interaction Point
Tracker
ECAL
Beam pipe
Converted Photon
ΘX
L X
X
e+ e-
Unconverted PhotonNot a Photon
d
∆Θ
r=
8
0
0
 m
m
R
=
1
5
0
0
 m
m
r0 = 33.25 mm
FIG. 1: The e+e− from a light whilst energetic X are aligned with each other and are able to
mimic the photon conversion.
To estimate PX , the probability of the di-X from D decay being identified as di-photon,
we generate 106 events of gg → D(→ XX)bb¯ process with MadGraph5 aMC@NLO [33] and
count the number of events from which both e+e− pairs satisfy the condition LX sin θX >
33.25 mm and 0 < d . 37.5 mm. For a given mD, in Fig. 2 we show PX varying with the
proper decay length of X, cτX ; a few values of mX are demonstrated. We see that PX peaks
at certain cτX for a given mX ; as long as X is sufficiently light, PX can be a few ten percents
(. 75%) within a wide interval for cτX . Note that to fit data, the required production cross
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section of X pair is ∼ 5/PX fb.
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X
FIG. 2: The probability of di-X(→ e+e−) mimicing di-photon varies with the proper decay length
of X for mD = (200, 500, 750, 1000) GeV.
In a large parameter space of our dark sector X behaves as a fake photon. The main
decay of the force mediator X is via its coupling to JL, having width
ΓX(ff¯) =
2g2`
24pi
(
(QfL)
2 +QfR)
2
)
mX
(
1 +
2m2f
m2X
)√
1− 4m
2
f
m2X
. (19)
For the decay into three flavor of active (almost massless) Majorana neutrinos, the total
width is ΓX(νLνL) = 3
2g2`mX/48pi. Therefore, the proper decay length of X is
cτX ≈ 14.5×
(
10−6
g`
)2(
1GeV
mX
)
mm. (20)
In terms of the previous discussion, we should choose a relatively heavy mX ∼ GeV to
avoid DM direct detection exclusions. In the laboratory frame, the proper decay length is
enhanced by a large boost factor γX = mD/2mX and one then gets LX ≈ γXcτX which
has been used in Eq. (18). The branching ratio of e+e− mode is BrX(e+e−) ≈ 57% and
36% for 2mµ > mX  2me and 2mτ > mX  2mµ, respectively. In summary, in the
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optimal case, the probability of D being hunted as a di-photon resonance can be as large as
PXBr
2
X(e
+e−) ∼ O(10%).
B. LHC sensitivity
Now we investigate the LHC di-photon search sensitivities to ADMonium, from the latest
15/fb of
√
s = 13 TeV ATLAS data [34] and the future prospect with higher luminosity
calculated by using a simple extrapolation. The di-photon cross section σ(D → 2X(→
e+e−)) mainly depends on five parameters, the ADMonium mass mD, D − h1 mixing angle
θ1D, tan β and BrX(e+e−), PX . But as mentioned before PXBr2X(e
+e−) can be fixed to
its optimal value, and for concreteness 10%, 30% and 50% will be chosen. 4 Then, we
can demonstrate the current (left panel) and future (right panel) LHC sensitivity on the
mD − tan β sin θ1D plane in Fig. 3. To show the stringent DM direct detection constraint,
on the same plane we also add the upper bound (dashed lines) set by the complete LUX
exposure [14], for which we take several samples of gauge coupling αX and degeneracy x,
defined through mD = (1 + x)mh2 ; their concrete values are labeled in the legends. It is
seen that, largely speaking, the current LHC data is not sensitive to the parameter space
allowed by LUX (below the dashed lines), except that one has even smaller x or/and larger
αX ; while the increasing luminosity makes the region tan β sin θ1D ∼ O(0.1) for mD ∼ 500
GeV detectable, where the current DM direct detection experiments can be evaded. In
addition to that, there may be ADM models that do not give rise to DM-nucleon scattering
and then dashed lines can be removed.
4 The latter two values may be hard to achieve for the dark sector in our model, but we cannot exclude
models where Br(X → e+e−) ' 100%, says those giving a light Higgs only coupling to electrons.
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FIG. 3: The 95% CL exclusion limits from LHC search verse DM direct detecition at LUX [14].
Left: di-photon search at current stage. Right: future prospect.
To end up this section we would like to add a comment on the role of the associated
b-jets. In our way to explain the di-photon data, two bottom quarks are accompanied at
parton level, typically with only one of them is probable at detector. But moderate jet
activity is allowed in the di-photon searches. To show this, we give an improper example.
During the period of crazy “750 GeV di-photon anomaly”, such a topic has been specifically
discussed in Ref. [35] based on the ATLAS measurement [36]. The authors found that the
χ2 of jet multiplicity distribution is 3.9 (5 Degree of Freedom) for the bb initiated signal.
However, the observed number of b-tagged events (∼2.4 events) is around 2.4-σ away from
the prediction (∼10 events). Thus there is a certain tension between the observation and
the expectation. On the other hand, we would like to suggest the experimental searches to
keep an eye on such kind of (heavy) jets associated with the di-photon, which is helpful to
discriminate the production mechanisms of the resonance.
V. CONCLUSIONS
ADM naturally forms bound state of DM as ADMonium. We established an effective
model for ADMonium via 2HDM Higgs-portal and studied the LHC phenomenology. In
this paper we consider a signal of particular interest: pp → bb¯ + ADMonium followed by
ADMonium → 2X → 2e+e− where the electrons are identified as (un)converted photons,
which may provide a competitive explanation to heavy di-photon resonance searches.
Note added: Soon after the submission of this paper, Refs. [37, 38] appeared on arxiv.
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Authors there used displaced X → e+e− to explain the 750 di-photon excess, using slightly
different parameters of the detector, but their results match ours well in the low X mass
region.
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